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We combined resonant photoabsorption and vibration spectroscopy with scanning tunneling microscopy
~STM! to unambiguously identify the presence of Stone-Wales ~SW! defects in carbon and boron nitride
nanotubes. Based on extensive time-dependent ab initio density functional calculations, we propose to reso-
nantly photoexcite SW defects in the infrared and ultraviolet regime as a means of their identification. Onset of
nonradiative decay to a local defect vibration with a frequency of 1962 cm21 serves as a fingerprint of such
defects in carbon nanotubes. The bias dependence of the STM images shows distinct features associated with
the presence of SW defects.
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logical defects—in particular adjacent pentagon/heptagon
pairs, called Stone-Wales ~SW! defects3—have been pro-
posed to play a major role in the growth and subsequent
annealing down to the structurally ordered ground state of
carbon nanostructures. The SW defect also plays a key role,
enabling large-scale structural rearrangements in graphitic
networks.4 It consists of a local p/2 rotation of a C-C bond,
creating two pentagons and heptagons. This SW transforma-
tion is thought to play an important role during the growth of
carbon nanostructures. Once formed, the pentagon/heptagons
could move along the structure, creating either dislocation
centers in regions of positive ~pentagons! or negative ~hep-
tagons! Gaussian curvature, which ultimately lead to the
closing of the nanostructure. Moreover, SW defects appear at
the core of many relevant structural transformations govern-
ing, for example, the coalescence of fullerenes5 and
nanotubes,4 the formation of pure intramolecular junctions
for nanoelectronic devices,6 and the onset of either plastic or
brittle response of tubes subject to mechanical strain.7 Fur-
thermore, recent calculations show the possibility of SW de-
fects also in boron nitride ~BN! nanotubes,8 in which B-B
and N-N bonds would be formed. In this case, the SW defect
causes the appearance of new electronic levels in the intrin-
sic band gap of the tube, which may enhance the observed
field emission from BN tubes.9
In spite of the relevance and large amount of theoretical
work on SW defects, their experimental identification has up
to now been elusive, and only indirect evidence has been
provided.3,10 The high activation energy barrier of several
electron volts for the bond rotation in nanotubes4 would
make the density of SW defects small in thermodynamic
equilibrium. Still, these defects should occur as metastable
structures at room temperature, and can be frozen in the
nanotube body during the nonequilibrium growth process.
Note that other energetically comparable, but much more
visible defects, including isolated pentagons and heptagons
~i.e., knees, bent tubes, T junctions!, are often seen in trans-
mission electron microscopy ~TEM! images,11 since these
defects induce bending and reshaping of the entire nanotube0163-1829/2004/69~12!/121413~4!/$22.50 69 1214structure at a relative small cost of elastic strain energy. In
contrast to this, the mild structural deformation introduced
by the SW defect prevents a proper identification by TEM,
transport measurements, and/or electron spin resonance.
Thus we have to rely on atomically resolved scanning tun-
neling spectroscopy ~STM! to visualize and identify these
rare defects.12 It would be highly desirable to have an addi-
tional global characterization tool, which would identify the
presence of SW defects along with the local identification by
STM.
In this communication, we propose an unambiguous ex-
perimental identification of SW defects on bulk nanotube
samples based on first-principles excited state electron-ion
dynamic simulations. We show that photoexcitations in tubes
with SW defects decay through a local vibration at the defect
site. This vibration is distinguishable from the phonon modes
of the defect-free tube, and can be used to characterize the
presence of SW defects in the nanotube sample. Those re-
sults are complemented with simulations of STM images of
SW defects in order to locally identify them.
Large-scale density functional theory ~DFT! calculations
were performed using norm-conserving pseudopotentials13 to
describe the electron-core interaction. Exchange-correlation
effects are treated at the usual level of local-density
approximation14 ~LDA!. A plane wave cutoff of 40 Ry and
50 Ry was used to represent the valence wavefunctions for
carbon and BN nanotubes, respectively. The structure of the
tube with a single SW defect was simulated in a supercell
geometry. This supercell is large enough to avoid spurious
defect-defect and tube-tube interactions.15 The defective-tube
geometry, before photon excitation, is relaxed following the
calculated atomic forces.16 For the electron/ion dynamics af-
ter photoexcitation, we use the time-dependent density func-
tional theory coupled to a molecular-dynamics technique
~TDDFT-MD!, following the Hellmann-Feynman forces on
the excited system.17 The photoexcitation process is simu-
lated by selectively inducing a particle-hole excitation. For
this configuration, keeping the ions fixed, we computed self-
consistently the electronic excited states, from which the
simulation of ion dynamics starts.©2004 The American Physical Society13-1
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allow to identify individual SW defects, but their use is not
practical for large-scale investigations. Instead, resonant-
vibrational spectroscopy ~as, for example, resonant Raman
scattering18! has been turned into a very precise, highly di-
ameter selective identification tool of carbon nanotube
samples. Here we go a step further, and address the detection
of specific localized vibration modes of the SW defect. To
achieve the high sensitivity needed for detecting this local
vibration, we look for an enhancement of the coupling of
photoexcited defect-related electronic states with local vibra-
tions. We demonstrate that this photoenhancement mecha-
nism is indeed efficient by first-principles ~infrared and ul-
traviolet! photoinduced excited state dynamics calculations
on a ~3,3! carbon nanotube with a single SW defect ~the
diameter is only ;4 Å, as those recently discovered either
in a center of multiwall nanotube or in a zeolite matrix20!.
The choice of such a small diameter is to address the curva-
ture effect in an extreme case and also to reduce the compu-
tational burden of the first principles TDDFT-MD simula-
tion. Moreover, the results would remain valid for nanotubes
with larger diameter.
The left panel of Fig. 1~a! shows the relaxed geometry of
the ~3,3! tube with one SW defect per four unit cells. The
SW defect is set such that the C-C bond between heptagons
is parallel to the tube axis. The relaxed C-C bond length is
1.27 Å, similar to the corresponding bond length of a SW
defect in a planar graphene sheet.21 However, this bond
length increases to 1.40 Å when the C-C bond at the defect
changes its orientation ~geometry not shown here!. This ori-
entation dependence of the central C-C bond length is due to
the high curvature of the narrow nanotube and gets much
FIG. 1. ~a! Left, fully relaxed structure of the SW defect for a
C~3,3! tube. Right, time evolution of the central SW C-C bond
length ~along the tube axis! upon photoexcitation with infrared, 0.6
eV and ultraviolet, 6 eV light. ~b! Left, fully relaxed structure of the
a BN~6,0! tube with a SW defect. Right, time evolution of the N-N
bond length of the SW defect upon photoexcitation from N-N s to
N-N s* ~corresponding to a 12 eV excitation!. Black and gray balls
denote B and N atoms, respectively.12141smaller in thicker nanotubes, where the C-C network of the
SW defects converges to the corresponding structure on a
graphene sheet.22 We confirmed this is the case for the re-
laxed structure of a SW defect in a ~10,10! carbon nanotube.
The time evolution of the SW central C-C bond length
upon photoexcitation with either infrared ~0.6 eV! or ultra-
violet ~6.0 eV! light is shown in the right panel of Fig. 1~a!.
The excitation energies were determined from two indepen-
dent total-energy calculations, one for the electronic ground
state and the other for an excited state configuration. This
approach, D2SCF, has been shown to work very well for
describing excitations in low-dimensional structures.19 In
particular, the infrared excitation corresponds to promoting
an electron from the p-state of the C-C bond to the corre-
sponding excited p* state. On the other hand, the ultraviolet
excitation accounts for a transition from a C-C s-p hybrid-
ized state to the previous C-C p* unoccupied state.23 By
inspecting the results shown in the right panel of Fig. 1~a!,
we observe that the photoexcitation energy is very efficiently
transferred into a localized vibration mode of the central C-C
bond of the SW defect. Indeed, only after a few tens of fs is
the amplitude of the vibration stabilized and the decay pro-
cess completed. Despite the difference in excitation energies,
both infrared and ultraviolet excitations induce local vibra-
tions with exactly the same frequency24 of 1962 cm21. This
frequency coincides with the vibrational frequency in the
corresponding electronic ground state and hence serves as a
fingerprint of the presence of SW defect. Furthermore, the
fact that this frequency is much higher than that of any tan-
gential optical mode of nanotubes of ’1580 cm21 indicates
that the lifetime of this localized mode with respect to
phonon-phonon scattering should be rather long and thus
easy to observe following the photoexcitation.25 As the
electron-hole pairs, which are responsible for the resonant
process, are very localized on the p and p* orbitals of the
SW bond defect, the metallic or semiconducting character of
the host nanotube does not alter the otherwise low decay of
this excitation into valence or conduction nanotube states.
The optical signal can be increased by scanning along the
nanotube with a scanning-near-field-optical microscope
~SNOM!.
Due to the success of the photoexcitation technique in
carbon nanotubes, we looked at the possibility of detecting
SW defects in BN tubes through a similar process. In the left
panel of Fig. 1~b!, we show the fully relaxed geometry of a
BN~6,0! nanotube, where B-B and N-N bonds are formed.
We have selected a zig-zag geometry for the BN nanotube,
because experimentally this seems to be the predominant
chirality.26 In the right panel of Fig. 1~b! we show the time
evolution of the central N-N bond length, triggered by the 12
eV photoexcitation from the N-N s to the N-N s* state. In
contrast to carbon nanotubes, the excited state dynamics
shows a rapid decay of the N-N vibration amplitude. This is
the general trend found in all simulations performed for BN
tubes. More detailed analysis of the electron dynamics indi-
cates a rapid delocalization of the N-N s and s* states,
which weakens the force constant of the central N-N bond
throughout the simulation. This quick delocalization is most
likely related to a stronger electron-phonon coupling and in-3-2
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carbon nanotubes, due to the polar nature of the BN bond.
This stronger-electron phonon coupling might be relevant in
the electron transport properties of doped BN tubes.27 There-
fore, photoexcited vibrational spectroscopy in BN tubes
should be less efficient as a fingerprint of SW defects, leav-
ing more local probes, including the STM, as the only alter-
natives.
The global characterization tool for SW defects in carbon
nanotube samples described above should be complemented
with a local probe, such that information about the spatial
localization of the SW defect can be extracted. This can be
achieved by recording the STM image of the defective tube.
In the simplest approximation,28 the STM current for an ex-
ternal applied bias voltage V is directly proportional to the
spatial local density of states at the tip center, integrated
between the Fermi level of the tip and sample, as I(r,V)
}*
EF
s
EF
s
1eVdE(nkucnk(r)u2d(Enk2E), where cnk are the
Kohn-Sham eigenfunctions of the tube, and nk denotes the
band index for each k point of the 1D Brillouin zone of the
tube. Thus, we simulate STM images as isosurfaces of con-
stant I.29
The results of our constant current STM simulations for
applied bias potential of 61.5 eV are presented for the arm-
chair ~10,10! carbon nanotube in Fig: 2~a! and the zigzag
boron nitride ~6,0! tube in Fig. 2~b!. Note that the small
diameter carbon tube, shown in Fig. 1~a!, is marginally
stable. Although the results of the photoexcitation process
are valid for larger tubes, inspection of STM images of the
more common ~10,10! nanotube is more relevant. We have
performed simulations for nanotubes with different chirali-
ties, diameters, and orientations of the C-C ~N-N! bond of
the SW defect ~parallel, perpendicular, and tilted to the tube
axis!. All simulations exhibit similar features as those shown
in Figs. 2~a! and ~b!. First of all, the SW defect creates a very
localized modification of the STM image as compared to a
perfect tube ~the decay length of the perturbation is very
short, few unit cells!. Second, the left ~right! panels of Fig. 2
show that the symmetry of the image corresponding to occu-
pied ~unoccupied! states is completely different. For a carbon
nanotube we obtain clear protrusions at the pentagonal sites,
which exhibit, as a function of bias polarity, different nodal
structures with respect to the central C-C bond. The simu-
lated STM images are consistent with a recent
measurement10 and with previous calculations without
atomic relaxations.12 For the ~6,0! BN nanotube, the STM
image at 61.5 eV clearly probes the defect states located in
the gap of the BN tube, which correspond to the occupied p
N-N bond and the unoccupied p* B-B bond. Increasing the
negative ~positive! bias produces an image with protrusions
located at the N ~B! atoms ~triangular symmetry, in contrast
to the hexagonal lattice of carbon nanotubes!, in agreement
with recent experiments.30 All the calculations clearly indi-
cate that the SW defect can be, indeed, experimentally ac-12141cessible by STM measurements and 3D mapping ~as done in
Ref. 31 for carbon nanotubes!. Experimentally this is a very
hard task, as the defect should be properly oriented with
respect to the STM tip. This limitation is not present in the
resonant-vibrational spectroscopy discussed above.
In conclusion, we have proposed an efficient way to iden-
tify SW defects in carbon nanotubes that complements local
probes including STM, namely the induction of a defect-
localized vibration by photoexcitation. This technique can
also be used to monitor the formation of SW defects during
nanotube growth. We have shown that this approach is less
effective in BN tubes due to the polar nature of the BN bond,
which reduces the lifetime of the localized vibrations. In
both C and BN tubes, local STM images provide unambigu-
ous evidence of the corresponding topological defects.
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FIG. 2. ~Color online! Simulated constant current STM images
for ~a! C~10,10! and ~b! BN~6,0! nanotubes with a single SW de-
fect, for applied external tip-sample bias of 61.5 eV. The orienta-
tion of the centered bond joining the two pentagons of the SW
defect is set to p/4 degrees to the tube axis in the case of the carbon
nanotube and perpendicular to the tube axis in the case of the BN
nanotube. SW-defect states in the BN band gap are clearly seen
~with N-N p and B-B p* character for negative and positive bias,
respectively!. C, B and N atoms are depicted in green, red, and
blue, respectively.3-3
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